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Abstract  
The external and internal pressures on a range of building 
configurations were studied by carrying out a series of wind tunnel 
model studies. The studies showed that low internal pressure in 
nominally sealed buildings compared to external pressure 
fluctuation at the windward wall opening and magnitude of the 
internal pressure varied with building porosity. Internal pressure 
fluctuations in buildings with a dominant opening closely followed 
the external pressure at the opening. In addition, the magnitude of 
the internal pressure increased in buildings with a dominant 
opening compared to that of nominally sealed buildings. The 
porosity of the building with a dominant opening significantly 
influenced the internal pressure, with the peak internal pressure 
being reduced at higher porosity. The measured internal pressure 
spectra showed an increase of energy close to the Helmholtz 
resonance frequency and this energy decreased with respect to 
increasing porosity. Background leakages reduced the internal 
pressure fluctuations in buildings with a dominant opening, while 
the Helmholtz resonance occurred at the same frequency.       
Introduction  
Industrial type buildings are identified as open plan buildings with 
a large internal volume. These buildings are enclosed by steel 
cladding, which is fixed to portal frames. Roller doors installed to 
access the internal space may be vulnerable to damage in 
windstorms. Doors/windows that are left open or damaged in high 
winds increase the internal pressure, thereby causing structural 
failures. 
Internal pressure in the building is dependent on the size and 
location of openings, including the porosity of the building 
envelope and the effective internal volume, which is influenced by 
the flexibility of the envelope. Openings in the envelope link the 
inside to the outside, generating internal pressure. The pressure 
inside a porous building without a dominant opening (nominally 
sealed) is considerably smaller compared to external pressure. A 
large opening in the building envelope increases the internal 
pressures and thus increases the risk of damage in windstorms.  
External and internal pressure studies have been conducted since 
the 1960s, with less attention given to internal pressure. Liu [7] 
and Holmes [5] conducted detailed studies on internal pressures in 
buildings using wind tunnel models. Holmes [5] showed that 
internal pressure fluctuations in buildings with a dominant opening 
can be found by the Helmholtz resonator model. He also 
emphasized the requirement for internal volume distortion based 
on scaling requirements. Liu and Saathoff [8], Vickery [11] and 
Harris [4] studied the internal pressure in nominally sealed low-
rise buildings. In the past two decades, Ginger, et al. [1,2], Oh, et 
al. [9] and Guha, et al. [3] have carried out further detailed studies 
on internal pressures on a full scale and model scale buildings and 
compared the results with theoretical analysis. Internal pressure 
data specified in wind loading standards (i.e AS/NZS 1170.2, 
2011) are based on studies conducted with a limited range of 
volume, porosities, and dominant opening sizes. Hence, designs 
carried out using these data may not produce optimum solutions. 
This paper presents preliminary results on the variation of external 
and internal pressures obtained from a wind tunnel model study 
with a range of porosities and dominant openings in the envelope 
in industrial type buildings. 
Theory   
Mean Internal Pressure   
External and internal pressures across an opening are related to 
flow Q, and opening area A. The unsteady discharge equation is 
applied for unsteady flow through the opening and derived a 
pressure difference ∆𝑝𝑝, of the external and internal pressures. 
Mass conservation theory is applied to steady flow through 
multiple openings to give: the sum of mean inflow (Qin), equals the 
sum of mean outflow (Qout) through a building (∑𝑄𝑄𝑖𝑖𝑖𝑖 =  ∑𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜). 
Liu [7] used this principle to get,𝐴𝐴𝑊𝑊�𝐶𝐶?̅?𝑝𝑊𝑊 − 𝐶𝐶?̅?𝑝𝑖𝑖 = 𝐴𝐴𝐿𝐿�𝐶𝐶?̅?𝑝𝑖𝑖 − 𝐶𝐶?̅?𝑝𝐿𝐿, 
where, 𝐴𝐴𝑊𝑊 is the total windward opening area, 𝐴𝐴𝐿𝐿 is the total 
leeward opening area , 𝐶𝐶?̅?𝑝𝑖𝑖    is the mean internal pressure 
coefficient, 𝐶𝐶?̅?𝑝𝑊𝑊 is the mean external windward pressure 
coefficient, and 𝐶𝐶?̅?𝑝𝐿𝐿is the mean external leeward pressure 
coefficient. The pressure coefficient 𝐶𝐶𝑝𝑝, is the ratio of the    
pressure (p) to the dynamic pressure (q). Accordingly, 𝐶𝐶𝑝𝑝 =
𝑝𝑝 𝑞𝑞 = 𝑝𝑝 0.5 𝜌𝜌𝑎𝑎𝑈𝑈�ℎ2⁄  ⁄  ; Where, 𝜌𝜌𝑎𝑎 is the density of air, 𝑈𝑈�ℎ is the 
mean wind speed at the reference  height (h).   
This relationship gives Equation 1, which used in many codes and 
standards to find corresponding 𝐶𝐶?̅?𝑝𝑖𝑖 for given AW/AL  ratio, in 
buildings.                                                 𝐶𝐶?̅?𝑝𝑖𝑖 =  𝐶𝐶?̅?𝑝𝑊𝑊1 + (𝐴𝐴𝐿𝐿 𝐴𝐴𝑊𝑊)⁄ 2 + 𝐶𝐶?̅?𝑝𝐿𝐿1 + (𝐴𝐴𝑊𝑊 𝐴𝐴𝐿𝐿)⁄ 2                (1) 
Internal Pressure Fluctuations in Nominally Sealed 
Buildings  
The envelopes of enclosed industrial buildings have small gaps 
that are distributed throughout the building envelope. These are 
called nominally sealed buildings with background leakage (i.e. 
porous walls). The porosity is assumed to be uniformly distributed 
on each wall surface.  
Vickery [11,12] and Harris [4] studied internal pressure 
fluctuations in these buildings using the relationship of the wind 
flow through windward and leeward surfaces by combining the 
unsteady discharge equation and mass conservation. Kim and 
Ginger [6] introduced windward and leeward pressure coefficients 
and developed Equation 2, where 𝐶𝐶𝐿𝐿𝑊𝑊   is the loss coefficient of 
windward surfaces and 𝐶𝐶𝐿𝐿𝐿𝐿 is the loss coefficient of leeward 
surfaces.  
𝐴𝐴𝑤𝑤
�𝐶𝐶𝐿𝐿𝑊𝑊
�2𝜌𝜌𝑎𝑎(𝑝𝑝𝑤𝑤 − 𝑝𝑝𝑖𝑖) − 𝐴𝐴𝐿𝐿
�𝐶𝐶𝐿𝐿𝐿𝐿
�2𝜌𝜌𝑎𝑎(𝑝𝑝𝑖𝑖 − 𝑝𝑝𝐿𝐿) =  𝑈𝑈�ℎ𝑉𝑉02𝑎𝑎𝑠𝑠2 ?̇?𝐶𝑝𝑝𝑖𝑖       (2) 
 where,  𝑎𝑎𝑠𝑠 =  �(𝛾𝛾𝑝𝑝𝑜𝑜 𝜌𝜌𝑎𝑎⁄   is the speed of sound, 𝑝𝑝0 is atmospheric 
pressure, 𝛾𝛾 is the ratio of specific heats of air, 𝑉𝑉0 - volume of the 
building and ?̇?𝐶𝑝𝑝𝑖𝑖 is first derivative of the 𝐶𝐶𝑃𝑃𝑖𝑖 with respect to time.   
Vickery [11] and Harris [4] derived the characteristic frequency, 
𝑓𝑓𝑐𝑐  in Equation 3 as a frequency above which external pressure 
fluctuations are not passed into the building (damped).  
                         𝑓𝑓𝑐𝑐 =  12𝜋𝜋  � 𝑎𝑎𝑠𝑠(𝐴𝐴𝑤𝑤2 + 𝐴𝐴𝐿𝐿2)3 2⁄𝑉𝑉0𝑈𝑈�ℎ𝐴𝐴𝑤𝑤𝐴𝐴𝐿𝐿𝐶𝐶𝐿𝐿�𝐶𝐶?̅?𝑝𝑤𝑤 − 𝐶𝐶?̅?𝑝𝐿𝐿�                   (3) 
Internal Pressure Fluctuations in a building with a 
Dominant Opening  
Holmes [5] used the well-established “Helmholtz resonator 
model” given in Equation 4 to study the internal pressure 
fluctuations in a building with a dominant opening.             𝐶𝐶𝐼𝐼𝑉𝑉0
𝑎𝑎𝑠𝑠
2√𝐴𝐴
?̈?𝐶𝑝𝑝𝑖𝑖 + 𝐶𝐶𝐿𝐿 � 𝑉𝑉0𝑈𝑈�2𝑎𝑎𝑠𝑠2𝐴𝐴�2 ?̇?𝐶𝑝𝑝𝑖𝑖�?̇?𝐶𝑝𝑝𝑖𝑖� + 𝐶𝐶𝑝𝑝𝑖𝑖 = 𝐶𝐶𝑝𝑝𝑝𝑝                     (4) 
Where, A-area of dominant opening, 𝐶𝐶𝐼𝐼 −Inertial coefficient, 𝐶𝐶𝐿𝐿- 
Loss coefficient and ?̈?𝐶𝑝𝑝𝑖𝑖 is second derivatives of the 𝐶𝐶𝑝𝑝𝑖𝑖 with 
respect to time.   
Vickery [11] derived an identical equation to Holmes [5], by 
applying unsteady flow theory and assumptions. Liu and Saathoff 
[8], Sharma [10] used the unsteady Bernoulli Equation and 
obtained another version of the governing equation.  The first term 
of the governing equation represents the inertia of the flow; the 
second term is damping of the system and the third is stiffness.  
Theoretically, the internal pressure resonance occurs close to 
undammed Helmholtz frequency,  𝑓𝑓𝐻𝐻 =   1/2𝜋𝜋 √((𝑎𝑎𝑠𝑠2 √𝐴𝐴)/(𝐶𝐶𝐼𝐼 𝑉𝑉0)). 
The porosity in the envelope can influence the internal pressure in 
a building that has a dominant opening. Vickery and Bloxham [12] 
showed that the dynamic response of internal pressure reduced 
when the background leakage area exceeds 10% of the dominant 
opening area.  Oh [9], Yu et al [13] and Kim and Ginger [6] also 
studied the effects of porosity using the lumped leakage approach, 
validating it with wind tunnel measurements of internal pressure 
in a building with a dominant opening and background leakage.  
Experimental setup   
External and internal pressures were measured on a 1:200 scale 
building model with the dimensions of 400mm ×  200mm × 
100mm shown in Figure 1, internal volume was distorted by an 
additional depth of 600mm under the turntable of the wind tunnel. 
The model was made of 6mm Perspex, consisted of three potential 
large openings, two of them (LO1 and LO2) equal to 80mm 
(height) x 120mm (wide) are on Wall W1, while the other opening 
(LO3) of 80mm (height) x 40mm (wide) is on Wall W4. In 
addition, 60, 3mm diameter holes (H1) and 180, 1.5mm diameter 
holes (H2) are evenly distributed along the four walls W1 to W4. 
A total of 44 external pressure taps were installed in the model, 20 
taps on Walls W1 and W3, 10 taps on Walls W2 and W3 and 14 
taps on the roof were evenly installed while four pressure taps were 
installed to measure internal pressure.  The tests were carried out 
in the wind tunnel at James Cook University (JCU), in an approach 
terrain category 2.  
Atmospheric Boundary Layer flow as per AS/ANZ 1170.2 (2011) 
at a length scale of 1/200. Tests were carried out for a range of 
wind directions,  θ =0o to  360o  in 10 deg. intervals.  
Wall W1 was the windward wall of the building at the θ = 0 o wind 
direction. Then Wall W4 became a leeward wall while Wall W2 
and Wall W3 represented the side walls of the building. Pressure 
taps PT05, PT25 and PT34 were installed on the opening LO1, 
Wall W4 and on the opening LO3 respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 1:200 Scale wind tunnel model.  
The range of configurations tested and the ratio of total porous area 
into total wall area for different 6 cases are listed in Table 1.  Cases 
1 to 3 are nominally sealed buildings with different uniform wall 
porosities. Case 4 is a building with a dominant opening only while 
Cases 5 and 6 are buildings with a dominant opening and 
background leakage. Porosity is defined as the ratio of the sum of 
all opening areas of the wall (A0) to total wall area (AT). Cases 2 
and 5 are the lowest porosity configurations for a nominally sealed 
building and a porous building with a dominant opening. 
Case Description Wall porosity (A0/AT)(%) W1 W2 W3 W4 
1 H1 & H2 holes open 0.62 0.62 0.62 0.62 
2 H2 holes open 0.27 0.27 0.27 0.27 
3 H1 holes open 0.35 0.35 0.35 0.35 
4 LO3 open 0 0 0 0 
5 LO3 open 0.17 0 0.17 0.17 
6 LO3 open 0.34 0 0.34 0.34 
Table 1: Wind tunnel model test configurations. 
Results and Discussion  
Figure 2 presents the mean external 𝐶𝐶𝑝𝑝𝑠𝑠  on PT5 and PT34 and the 
mean internal 𝐶𝐶𝑝𝑝s measured (for Nominally Sealed Cases 1 to 3) 
for θ = 0o to 90o. Mean 𝐶𝐶𝑝𝑝𝑖𝑖′𝑠𝑠 are small and negative in a nominally 
sealed building compared to mean 𝐶𝐶𝑝𝑝𝑝𝑝 that are large positive on 
the windward wall, large negative on the sidewalls and smaller 
negative on leeward wall. Porosity made a significant difference 
to the internal pressure fluctuations. The lowest negative internal 
pressures occurred for the smallest porosity in case 2. The 
variations in magnitude for the 𝐶𝐶𝑝𝑝𝑖𝑖 were less than the variations 
for 𝐶𝐶𝑝𝑝𝑝𝑝 over the building rotation.   
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Figure 2. Internal and External Mean Cp of the nominally sealed building. 
Figure 3 shows the mean external pressure of the pressure tap, 
PT34 and the mean internal pressure measured for cases 4, 5 and 
6. As can be observed, the equivalent mean internal pressure 
closely followed the external pressures (PT34). This scenario is 
explained through Equation 1, when the building contains only a 
windward opening, (𝐴𝐴𝐿𝐿 = 0), thus 𝐶𝐶?̅?𝑝𝑖𝑖 =  𝐶𝐶?̅?𝑝𝑊𝑊, on the contrary 
𝐶𝐶?̅?𝑝𝑖𝑖 = 𝐶𝐶?̅?𝑝𝐿𝐿 when there are only leeward openings, (𝐴𝐴𝑤𝑤 = 0). 
Higher positive internal pressure occurred at the θ = 270o, also the 
mean pressures significantly reduce with building rotation. Higher 
negative internal pressure was presented on Wall W2, which is a 
sidewall at the θ = 0o, since more suction pressure was applied to 
LO3. The large negative 𝐶𝐶?̅?𝑝𝑖𝑖 reduced with further building rotation 
while Wall W2 became the leeward wall at the wind direction          
θ =  90o. The mean internal pressure of the building reduced with 
increasing building porosity, for buildings with a dominant 
opening. The effect of the dominant opening and background 
leakage on the mean internal pressure changes with the wind 
direction. 
 
Figure 3. Building with dominant opening and background leakage. 
Figure 4 compared the maximum and minimum internal and 
external pressures of the nominally sealed buildings at the θ =  0o, 
and buildings with dominant opening and background leakage at 
the θ =  270o. Higher difference of maximum 𝐶𝐶𝑝𝑝𝑖𝑖 and 𝐶𝐶𝑝𝑝𝑝𝑝 values 
can be observed, while close values between minimum 𝐶𝐶𝑝𝑝𝑖𝑖 and 𝐶𝐶𝑝𝑝𝑝𝑝 
for nominally sealed buildings. The maximum 𝐶𝐶𝑝𝑝𝑖𝑖  was higher than 
𝐶𝐶𝑝𝑝𝑝𝑝 in case 4 and 5 and close values can be noted for maximum 
internal and external pressures in case 6, which has higher 
porosity. The ratio of the total dominant opening area to total 
porous area is 0%, 5% and 10% for cases 4, 5 and 6 respectively  
showed the effect of porosity to peak internal pressure, and  
illustrated the decreasing trend in the peak 𝐶𝐶𝑝𝑝𝑖𝑖 in configurations 4,  
5 and 6. 
 
Figure 4. Maximum and Minimum Cp values for θ =  00 for Case 1,2 and 
3, θ =  2700 for case 4,5 and 6. 
Figure 5 presents the external pressure spectrum on PT05, PT34 
and the internal pressure spectra for cases 1, 2 and 3. The porosity 
effect on internal pressure can be identified by evaluating the 
internal pressure spectra of three configurations. Low energy in the 
internal pressure spectra was identified in case 2, which has low 
porosity. Windward (PT05) and sidewall (PT034) pressure spectra 
show that the sidewall pressure spectra contain less energy, 
influenced by flow separation, compared with windward wall  
pressure spectra. 
 
Figure 5. External and internal pressure spectra for a nominally sealed 
building for different porosity levels. 
Figure 6 presents the external pressure spectrum on Wall W2 and 
the internal pressure spectra for cases 4, 5 and 6. The internal 
pressure spectra show that that Helmholtz resonance occurs at     34 
Hz in all three cases. The energy at the Helmholtz frequency is 
reduced as porosity is increased. Figure 6 shows that internal 
pressure energy increased at the Helmholtz frequency. The higher 
energy in internal pressure creates higher net wind pressure on the 
building components compares to windward wall (W2) pressure 
fluctuations. In addition, this energy increases net loads on wall 
cladding and fixtures and accelerates cladding failures. The 
increased internal pressure reduced the net wind load on the 
windward wall and increased the net negative load on the roof, 
sides and leeward walls of the building.  
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The Helmholtz frequency can be calculated for a building with a 
dominant opening. For example, when LO3 opens with 0% 
porosity, 𝑎𝑎𝑠𝑠 = 340m/s , 𝐶𝐶𝐼𝐼 = 0.8, A = 0.0032m2 , and V = 0.056m3  
then    𝑓𝑓𝐻𝐻 = 61Hz. The calculated Helmholtz frequency was much 
higher than the measured frequency. The inertial coefficient, 0.8, 
was defined for small circular openings and may not be valid for 
square openings, since it depends on the effective length of the 
moving air. In these cases, 𝐶𝐶𝐼𝐼 was calculated as equivalent to 2.56 
for the actual Helmholtz frequency 34Hz. This calculation shows 
a contradiction in inertial coefficients, when a building contains a 
large opening. Vickery [12] stated that different flow conditions 
affect the internal pressure and therefore a constant value for 
inertial coefficient is not applicable for all openings.  
Figure 6. External and internal pressure Spectrum for building with 
dominant opening with and without porosity. 
Conclusions 
The results show the porosity effect on internal pressure 
fluctuations in a nominally sealed building with and without a 
dominant opening. The magnitude of the mean and fluctuating 
internal pressure coefficients was smaller in the nominally sealed 
building than the external pressures. The internal pressure 
variation over the rotation of a nominally sealed building is 
significantly low and the magnitude increases with increasing 
porosity. The internal pressures of the building with a dominant 
windward opening closely followed the external windward surface 
pressure. In addition, the magnitude of the internal pressure 
decreased with the decreasing porosity in a porous building with a 
dominant opening.  
The measured internal pressure spectra shows an increase of 
energy close to the Helmholtz resonance frequency compared to 
the external pressure at the opening for building with a dominant 
opening. In addition, the energy close to the Helmholtz frequency 
decreases with increasing porosity. The effective range of the 
inertial coefficient needs to be investigated for large openings in 
industrial buildings. Further research is needed into areas such as 
Helmholtz resonance, the ratio of windward/leeward open areas, 
net pressures and area average pressures to determine the effect of 
porosity and external pressure on the internal pressure of the 
building envelope.  
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